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ABSTRACT 

 

An evaluation of the partial thermodynamic functions of the tantalum-oxygen system 

(up to O/Ta = 2.5) over the temperature range from 873 K to 3120 K is presented. The 

pressure-composition-temperature (p-C-T) relationship in the single-phase region of solid 

Ta has been investigated. The relationships for other phases where no data were available 

from the literature have been proposed by using thermodynamic analysis. The results are 

presented as the oxygen isobars superimposed on the phase diagram.  
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1. Introduction 

 

Due to their high melting point and high resistance to many corrosive agents, 

tantalum and its alloy are becoming increasingly important as high-temperature structural 

materials. In addition, tantalum oxide is of great importance in the semiconductor 

industry and in the special optical glass for aerial lenses [1-3]. The mechanical and 

physical properties of tantalum and its oxide are greatly affected by the small amounts of 

impurity, especially by the gaseous elements such as oxygen, nitrogen, and hydrogen. 

Thermodynamic studies concerning the solution of gases up to the melting point of the 

solid phase and in the liquid phase would provide some useful information on the 

conditions both wherein the metals absorb gases and wherein the impurities can be 

removed. 

The phase boundaries and thermodynamic properties for the tantalum-oxygen system 

were reviewed by Garg et al. [2,3]. However, the pressure-composition-temperature (p-C-

T ) relationships for each region of the system are considered to be insufficient. 

Furthermore, the discrepancies among the thermodynamic functions available from the 

literature continue to be unresolved. Olander, Wang, Kim and Hong [4-11] have 

reviewed the p-C-T relationships of some oxides such as V-O, Ti-O, U-O, Y-O and Zr-O 

systems and some nitrides such as V-N, Zr-N and Ti-N. The goal of the present work is 

to extend the serial thermodynamic analysis work by the authors to the Ta-O system. The 

methods that the authors developed have been satisfactorily applied to the analysis of 

various M-X (M = U, Zr, Ti, Y, V, and X = O, H, N) systems [4-11]. In the present study, 
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most of the inconsistencies in the tantalum-oxygen system are critically reviewed and are 

resolved using the technique outlined in the following section.   

 

2. Analysis methods 

 

2.1. Thermodynamic constraints 

 

When pure tantalum, either solid or liquid, is exposed to oxygen gas, a homogeneous 

tantalum-oxygen solution is formed. The reaction can be represented by 

 

CgLs TaOOCTa =+ )(2),( 2
                                                                                                    (1) 

 

where C is the oxygen-to-tantalum atom ratio. It can be shown [12] that the relative 

integral free energy of the formation of  is related to the relative partial molar free 

energies of oxygen (

CTaO

pRTOG ln)( 2 =∆ ) over the entire O/Ta range by 

 

∫ ′=∆
C

CpdRT
0C

0
f ln

2
)(TaOG                                                                                  (2) 

 

where p, a function of C and T, is the equilibrium oxygen pressure of the oxide. Pure 

tantalum has been chosen as the standard state for the oxide. 0.1 MPa O  is the reference 

standard state of the relative partial molar energies in Eq. (2). 

2
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2.2. Continuity requirements 

 

Speiser [13] showed that the coexistence of three solid phases at the eutectic of metal-

hydrogen systems requires the three-phase equilibrium to be interrelated. If this 

requirement is applied to the eutectic point of the Ta-O system at T=2153 K shown in 

Fig. 1, it is interpreted as follows: 

 

21

_

)(1)(21

_

)()(12

_

)()(2 ][][][ LLeLeLLTaeTaeLLTaeTaeL HCCHCCHCC +++ ∆−+∆−=∆−                     (3) 

 

where CTa(e) (=0.06), CL1(e) (=0.75) and CL2(e) (=1.86) are the eutectic oxygen 

concentrations, 
_

H∆ is the relative partial molar enthalpy and the subscripts indicate the 

corresponding two-phase regions.  

The coexistence of three phases at the eutectic temperature also implies that the 

equilibrium pressures for the three two-phases must satisfy the following equalities: 

 

)(ln)(ln)(ln 2112 eLLeLTaeLTa TPTPTP +++ ==                                                                          (4) 

 

 where Te is the eutectic temperature.  

Thus, if two of the p-C-T relationships are known for the two-phase regions, the 

information for the third one can be fixed from Eqs. (3) and (4). 
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2.3. Sieverts law 

 

If Sieverts law behavior is assumed for oxygen dissolution up to the terminal 

solubility in Ta, then the corresponding equilibrium, .)(22
1

dissg OO = , yields the following 

mass action law: 

 

s
OTaTa

s

Ta

K
p

C
p
C

==
+ 52

                                                           (5) 

 

where Cs  (= , the phase boundary between Ta and Ta+Ta
52/ OTaTaC 2O5 in Fig. 1) is the 

terminal solubility of oxygen in the tantalum metal, and  are the equilibrium 

pressures of molecular oxygen (O

Tap
52OTaTap +

2) over the Ta and two-phase Ta + Ta2O5 regions, 

respectively, and Ks is the corresponding Sieverts law constant.  

 

A detailed discussion of the correlation similar to Eq. (5) can be found elsewhere [8-

9]. When applied to a real situation, Eq. (5) provides a relationship between the 

equilibrium pressures over Ta and Ta + Ta2O5 and Ks, which are usually measured 

independently. By rearranging Eq. (5), can be expressed as follows:  Tap

 

52

52
/

ln2lnln
OTaTa

OTaTaTa C
Cpp += +                                                (6) 
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Eq. (6) is usually valid for a dilute solution and useful to derive the p-C-T relationship 

of the single phase where that of the adjacent two-phase region is known, and vice versa. 

 

2.3. Applications 

 

The integral constraint given by Eq. (2) is applied to validate the p-C-T relationships 

established over the regions of Ta and Ta+αTa2O5. Eqs. (3) and (4) are used to obtain the 

p-C-T relationship in the L1 phase where no measurement data are found in the literature. 

The Sieverts law assumption in Eq. (5) is utilized to calculate the p-C-T relationship over 

the two-phase region, Ta+αTa2O5, being combined with the Gibbs energy of solution of 

oxygen in Ta. Eq. (6) is used to establish the p-C-T relationship over the regions of 

Ta+L1 and Ta+αTa2O5. 

 

 

3. The tantalum-oxygen system 

 

 The phase diagram of the Ta-O system, as shown in Fig. 1, is retrieved from Garg et 

al. [2,3]. All of the corresponding phase boundaries used in this study are listed in Table 

1. Similar to other transition metal-oxygen systems, available data for the equilibrium 

oxygen potentials over the phase regions of the Ta-O system are scant. In this section, 

experimental databases available from the literature will be systematically examined with 

the proposed methods discussed in the previous section. 

 

 5



3.1. Solid Ta region, 873 K < T < 3120 K 

 

The p-C-T relationship for the single-phase Ta has been investigated in the 

temperature range 873-3120 K [14-18]. Fromm and Kirchheim [14] reported a p-C-T 

relationship for the single-phase region, in the temperature range 873-1373 K as follows: 

  

TC
CpTa

41025.903.23
1

ln2ln ×
−+

+
=                                                                               (7) 

 

where p is the equilibrium oxygen pressure in bar, C the oxygen-to-tantalum atom ratio, 

and T temperature in Kelvin. 

 
 

Recently, Lee and Alstetter [15] suggested a similar relationship for the same 

temperature range,  

 

TC
CpTa

41034.964.23
1

ln2ln ×
−+

+
= .                                                                             (8) 

 

Some studies were conducted on the p-C-T relationship at higher temperatures. 

Fromm and Jehn [16] proposed the following p-C-T relationship for temperatures 

between     2273 K and 2723 K,   

  

TC
CpTa

41044.317.4
1

lnln ×
−−

+
=  .                                                                                (9) 
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Schulze, Jehn and Grallath  [17] suggested the p-C-T relationship for temperatures 

between 2270 K and 2770 K, 

 

TC
CpTa

41074.681.15
1

lnln ×
−+

+
= .                                                                              (10) 

 

Pemsler [18] measured the oxygen concentration in the tantalum single phase as a 

function of pressure at temperatures near the melting point that is in equilibrium with the 

pure gas. As a result, he reported the equilibrium pressure of oxygen over tantalum 

containing 0.3 at% oxygen (C = 0.003) in the temperature range 2660-3120K: 

 

T
pTa

41022.64.13ln ×
−= .                                                                                               (11) 

 

It is to be noted that Eqs. (7) and (8) are applicable for a lower temperature range 

whereas Eqs. (9) - (11) are applicable for a higher temperature range ( > 2200 K). Fig. 2 

compares the databases investigated in this section. In Fig. 2(a), the oxygen partial 

pressures (in ) from Eqs. (7) - (10) are plotted at C = 0.003 as a function of 

temperature to compare with Pemsler’s data. It can be seen that data of Fromm and 

Kirchheim (Eq. (7)) are virtually identical to those of Lee and Alstetter (Eq. (8)). From 

this, Eqs. (7) and (8) are considered to be reliable and can be used for representing the 

single-phase Ta. However, data from Fromm, Schulze and Pemsler (Eqs. (9)-(11)) 

applicable at higher temperature (> 2200K) are not in a good agreement. In order to 

Tapln
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compare these equations with Eqs. (7) and (8), the lines from Eqs. (7) and (8) are 

extrapolated to higher temperatures in Fig 2(a). It can be seen that Eq. (11) of Pemsler’s 

data is much higher than Eqs. (7) and (8). However, Eqs. (9) and (10) are close to Eqs. 

(7) and (8). It is noticed that Eq. (10) is more consistent to Eq. (7) and Eq. (8) than Eq. 

(9). Fig. 2(b) represents the oxygen pressures at C=Cs as a function of temperature. The 

shape of the graphs is the same as that of Fig. 2(a) except that the crossover temperature 

between two lines from Fromm and Schulze [Eq. (9-10)] decreased from that of Fig. 2(a). 

Consequently, it is considered that both of Eq. (7) and Eq. (8) are eligible to represent the 

single-phase Ta for the temperature range 873-1373 K. For simplicity, Eq. (7) is selected 

to calculate ∆  given in Eq. (2) and to construct the oxygen isobars for the present 

study. In addition, Eq. (10) can be chosen for the temperature range 2273-3120 K. 

0
fG

  

3.2. Ta-O solid solution 

 

The free energies of the Ta-O solid solution have been investigated by Garg [2], Lee 

and Altstetter [15], Fromm [19], and Nickerson and Altstetter [20]. According to Garg 

[2], oxygen in tantalum obeys Henry’s law in the entire solid solution range between 

1000 K and 1600 K. Garg reported the standard free energy change  

2620 10853.2log488.310788.78.398G TTTT −− ×−−×+−=∆
 
  (kJ/mol)                      (12) 

for the reaction 

)()(21 2 solutionsolidOgO → .                                                                                     (13) 
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Fromm [19] reported the following equation for the temperature range of 1000-3000 

K,  

 

T20 109.8373G −×+−=∆   (kJ/mol).                                                                         (14) 

 

Nickerson and Altstetter [20] reported the following equation based on the work by 

Worrell [21] in the temperature range 1123-1573 K: 

 

T20 102.6389G −×+−=∆  (kJ/mol).                                                                               (15) 

 

Lee and Altstetter [15] expanded the data given by Nickerson and Altstetter to make 

them applicable to a wider temperature range, namely, 1000-3000 K. Their result was 

given by 

 

T20 100.6388G −×+−=∆   (kJ/mol).                                                                           (16) 

 

Fig. 3 compares Eqs. (12), (14)-(16). It can be seen that three databases of Lee, Garg, 

and Nickerson are fairly close among themselves while Fromm’s data (Eq. (14)) exhibit 

much higher than the others. Especially, Eqs. (15) and (16) are almost identical although 

Eq. (16) covers a wider temperature range. Thus, Eq. (16) is preferred for the free energy 

of dissolution and used to obtain a p-C-T relationship for the Ta-Ta2O5 phase discussed in 

Sect. 3.3. 
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The Gibbs energy of solution of oxygen dissolution in solid tantalum (defined as       

–RT ln Ks) is compared with other metal-oxygen systems in Fig. 4. The enthalpy of 

oxygen dissolution in solid tantalum from the above equation (-398 kJ/mol-K) is closer to 

those of Zr-O (-466 kJ/mol-K), U-O (445 kJ/mol-K) and V-O (472 kJ/mol-K) systems 

[8,10,11]. However, it is different from those of Ti-O (609 kJ/mol-K) and Y-O (576 

kJ/mol-K) systems [4,9] particularly at low temperatures. It can also be seen in Fig. 4 that 

the entropy of oxygen dissolution in tantalum in Eq. (16) is similar to those of U-O and 

Zr-O systems but less positive than those of Ti-O and V-O system.  

 

3.3. Solid Ta+Ta2O5 region, 873 K < T < 2153 K 

 

No data for the equilibrium oxygen pressure over the Ta+Ta2O5 phase, , is 

available in the literature. However,  can be obtained by extrapolating Eq. (7) 

and Eq. (8) to the upper-phase boundary of Ta, where it equals that of the two-phase 

Ta+Ta

52OTaTap +

52OTaTap +

2O5. Using this method, we obtain from Eq. (7) 

T
p OTaTa

41065.997.18ln
52

×
−=+ ,                                                                       (17) 

and from Eq. (8) 

T
p OTaTa

41072.958.19ln
52

×
−=+ .                                                                                      (18) 

 

This extrapolation method has been applied successfully in many metal-gas systems 

[4-11]. The equilibrium oxygen pressure over the Ta+Ta2O5 phase can be also derived 

from the Gibbs energy of oxygen solution in Ta.  
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Since the Gibbs energy of solid solution is defined as –RT ln Ks [22], ln can 

be calculated by combining Eq. (6) and Eq. (16). We obtain 

52OTaTap +

 

T
p OTaTa

41054.989.19ln
52

×
−=+                                                                                        (19) 

 

Eq. (19) is consistent with Eqs. (17) and (18). The validity of the p-C-T relationships 

established in this section will be further evaluated by applying the integral constraint 

given in Eq. (2) in the sect. 3.6. 

 

3.4. Ta+L1 region 

 

The pressure-composition-temperature (p-C-T) relationship in the Ta region for the 

temperature range 2273-2723 K is given by Eqs. (9) and (10) in the section 3.1. Parallel 

to the case in the two-phase region of Ta+Ta2O5 [Eqs. (17) and (18)],  can be 

obtained by extrapolating Eqs. (9) and (10) to the lower phase boundary of Ta+L1.  

1LTap +

 

From Eq. (9), 

T
p LTa

4

1
1029.221.12ln ×

−−=+ .                                                                                       (20) 

 

From Eq. (10), 

T
p LTa

4

1
1059.578.7ln ×

−−=+ .                                                          (21) 
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These two values show a slight discrepancy. However, Eq. (20) is selected to 

calculate in the following section because Eq. (9) is consistent with Eqs. (7) and 

(8) at higher temperatures than 2200 K.  

21ln LLp +

 

3.5. L1 and L1+L2 regions 

 

There is no equilibrium oxygen pressure datum for L1 and L1+L2 regions available 

in the literature. However, a p-C-T relationship for L1 phase can be estimated by using 

the enthalpy continuity requirement discussed Section 2.2.  The enthalpy term 

 is calculated applying Eq. (3) with 

 from Eq. (20) and ∆ from Eq. 

(19) at T=2153 K. The entropy term is fixed using the pressure continuity requirement 

given in Eq. (4) and  obtained above at T=2153 K. The p-C-T relationship 

derived by this method is 

)/83.1167(L2L1

_
molkJH =∆ +

)/39.190(L1Ta molkJH =∆ +

−

L2L1

_

+∆ H

)/16.793(52OTaTa molkJH =+

−

 

T
p LL

4

21
1004.1419.40ln ×

−−=+ .                                                                (22) 

 

Fig. 5 demonstrates the good agreement of the equilibrium pressure of the three two-

phases at T=2135 K. This confirms that the consistency between the p-C-T relationships 

of the three two-phase are related to the eutectic. 
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Investigation of the partial thermodynamic functions of solid solution bounded by 

two-phase regions has been the subject of many studies [23-25], which all suggest that a 

linear interpolation is a good approximation for a narrow region. The equilibrium oxygen 

pressure for the L1 phase is approximated by using this method. 

 

( )211
1/)21(1/)1(

1/)21(
211 lnlnlnln LLLTa

LLLLLTa

LLL
LLL pp

CC
CC

pp ++
++

+
+ −×











−
−

+=          

              for  ( )                                                                        (23) /L2)21(/L1)1( CCC LLLTa ++ ≤≤

 

3.6. Evaluation of  )(G 52
o
f OTa∆

 

The validity of the p-C-T relationships established in the previous sections are 

examined by applying the integral constraint Eq. (2) at temperatures between 873 and 

1373 K. In this range, Eq. (2) can be rearranged as follows: 

 







 +=∆ ∫ ∫ +

5O2/Ta

5O2/Ta
52

C

0

5.2

C52
o
f C'ln'Cln)(G Ta

Ta

dpdpRTOTa OTaTaTa         (24) 

 

where  is the integral Gibbs free energy of Ta)(G 52
o
f OTa∆ 2O5  and C the phase 

boundary between Ta and Ta

52/ OTaTa

2O5 shown in Fig. 1.  

Integration of the right hand side of Eq. (24) is carried out with the database of 

Fromm and Kirchheim (Eqs. (7) and (17)) to yield 
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T40.033.2013)O(TaG 52
0
f +−=∆  kJ/mole.                                                              (25) 

 

When the databases of Lee and Altstetter (Eqs. (8) and (18)) are used, the integration 

results in,   

 

T41.067.2019)O(TaG 52
0
f +−=∆                                                                              (26)  

 

Experimental determination of the Gibbs free energy of formation of the tantalum 

oxide,
 

, was carried out using the galvanic cell technique by Ignatowicz and 

Davies [26]. Their data was expressed in the temperature range 1073-1373 K as  

)O(TaG 52
0
f∆

 

T405.04.2016)O(TaG 52
0
f +−=∆  kJ/mole,                                                              (27) 

 

They claimed that the measured data agreed very well with those obtained by Coughlin 

[27] from calorimetric measurements and reasonably well with Worrell [20].  

Rezukhina and Kravchenko [28] also used the galvanic cell technique to obtain  

 

T414.06.2020)O(TaG 52
0
f +−=∆

 
kJ/mole,                                                              (28) 

 

in the temperature range 1200-1350 K.  

     Wicks and Block [29] measured calorimetrically to give  
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     ∆
 
kJ/mole,                                                               (29) T415.09.2018)O(TaG 52

0
f +−=

 

for the temperature range 1200-1350 K. It was considered that the values given in Eq. 

(28) were in almost perfect agreement with Eq. (29). Recently, Kubaschewski [12] 

suggested the value of  

 

     ∆ .                                                           (30)  TTT log09.07.02.2062)O(TaG 52
0
f −+−=

 

Chase et al. [30] reviewed works by Ignatowicz and Davies [26], Rezukhina and 

Kravchenko [28], Worrell [20] and Barbi [31] and tabulated recommendable values as a 

function of temperature by using the least-squares method. Based on the work by Chase, 

Garg et al. [2,3] later provided an expression for  applicable to the wide 

range of 298 - 2145 K,  

)O(TaG 52
0
f∆

      

25
52

0
f 10426.1log0174.0509.02048)O(TaG TTTT −×−−+−=∆ .                                 (31) 

 

A comparison between values calculated from Eqs. (25) and (26) and measurement 

data of ∆  from the literature (Eqs. (27)-(31)) is shown in Fig. 6. A narrower 

than the actual temperature range for the equations is used in the graph to allow a close-

up view for a comparison. 

)O(TaG 52
0
f

It can be seen that all values are fairly consistent and fall between Garg’s and 

Kubaschewski’s data. In addition, the database of Fromm and Kirchheim [13] has been 
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shown to be the one that is most consistent with that of Garg [2] and Rezukhina [28], 

whereas the database of Lee and Altstetter is closest to that of wicks and Block [29].  

 From the above result, it is considered that the calculated  given in Eqs. 

(25) and (26) are not only consistent among themselves, but also agree well with the 

independently measured values given in Eqs. (27)-(31). This confirms that the method 

used to obtain the p-C-T relationship for the two phase Ta+Ta

)O(TaG 52
0
f∆

2O5 is valid. 

 

3.7. Oxygen isobars and analysis uncertainties 

 

 The p-C-T relationships of oxygen in equilibrium with the Ta-O system from pure 

tantalum to tantalum pentaoxide [Eq. (7), (10), (17), (20) and (22)] are used to construct 

the oxygen isobars superimposed on the phase diagram shown in Fig. 1. The isobars 

match very well at all phase boundaries. 

The p-C-T relationships proposed in the literature are insufficient, especially at 

temperatures higher than 2200 K. In this context, uncertainties could be expected 

although the scheme of the present study is supported by valid thermodynamic 

constraints. These uncertainties can only be resolved when further experimental data are 

available. 
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 4. Conclusion 

 

The p-C-T relationships of the Ta-O system have either been examined or generated 

by using the proposed thermodynamic constraints and the Sieverts law. The discrepancies 

among the databases obtained from the literature have been critically reviewed. In 

addition, satisfactory p-C-T relations have been developed for regions where no 

experimental data were available. The developed p-C-T relationships were validated by 

applying the integral constraint of Eq. (2). The Gibbs energy of solution for oxygen 

dissolution in solid tantalum has also been obtained.  
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Table 1: The composition-temperature relationships of the phase boundaries Ci  
 (shown in Fig.1) expressed as Ci = a + bT + dT2, where T in K. 

 
 

Ci a b d 

CTa/β∗ -0.01829 3.659×10-5 0 

CTa/α∗ -0.02927 4.348×10-5 0 

CTa/Ta+L2 -0.01688 3.571×10-5 0 

CTa+L2/L2 5.71 -1.79×10-3 0 

CL2/α 2.18 1.50×10-4 0 

CTa/Ta+L1 0.35 -1.89×10-4 2.52×10-8 

CTa+L1/L1 2.14 -6.89×10-4 1.45×10-8 

CL1/L1+L2 0.487 1.22×10-4 0 

CL1+L2/L2 3.29 -6.65×10-4 0 
        
        *; β = β-Ta2O5, and α=α-Ta2O5 
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Figure captions 
 
Fig. 1 Revised phase diagram of the Ta-O system [2,3]. Oxygen isobars are indicated by 

the index k in p(O2)=10-k bar. 
 
Fig. 2 Comparison of lnP(Ta) obtained from the literature. 

(a) oxygen pressure at 0.3 at% O concentration 
(b) oxygen pressure at the terminal solubility (Cs) 
 

Fig. 3 Gibbs free energy of dissolution from Eq. (12) to Eq. (15). 
 
Fig. 4 Gibbs energy of oxygen dissolution in the metals obtained from the literature. 
 
Fig. 5 Equilibrium oxygen pressures over the univariant two-phase regions (Ta+Ta2O5, 

Ta+L1, L1+L2) around the eutectic temperature calculated from (19), (20), and 
(22) 

 
Fig. 6 The comparison between the calculated values from Eq. (7), (8), (17) and (18) and 

the measurement data of  from the literature  )O(TaG 52
0
f∆
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